We developed an experimental model of nutritional degenerative myopathy in ruminant cattle. Fourteen experimental calves were fed a diet low in vitamin E and selenium for 127 to 137 days. Six of these calves were then euthanatized. After 127 days, a dietary additive of linseed oil that had been treated to protect it against ruminal hydrogenation was added to the low vitamin E and selenium diet of the eight remaining calves as a source of polyunsaturated fatty acids. Six of these animals were euthanatized after 6 to 11 days of polyunsaturated fatty acid feeding; the other two died after 6 and 8 days. Macroscopic myocardial alterations were seen in five polyunsaturated fatty acid-fed calves but not in any other experimental calf. Microscopic lesions, comprising multifocal or diffuse cardiocyte degeneration and necrosis, were seen in atrial and ventricular myocardium of all experimental calves. These changes were more severe in polyunsaturated fatty acid-fed calves than in animals that did not receive polyunsaturates. Ultrastructurally, sublethally damaged cardiocytes had lysed contractile material; vacuolated sarcoplasm; altered mitochondria, sarcoplasmic myelin figures, and lipofuscin granules; and multiple nuclei. Necrotic cardiocytes had contracted myofibrils, pyknotic nuclei, mineralized mitochondria, and plasmalemmal disruption; the external lamina remained largely intact. Necrosis was followed by macrophage invasion and phagocytosis of necrotic debris. Repair of the lesions was by deposition of collagen and elastin fibers. No alterations were seen in the hearts ofcontrol calves fed vitamin E and seleniumsupplemented diet. The induced myocardial lesions are similar to those of spontaneous nutritional degenerative myopathy in ruminant cattle.
Nutritional degenerative myopathy has been recognized for many years in young pre-ruminant milkfed calve^.^^,^^ Before 1970, this disease was infrequently documented in older cattle with a functional rumen ("ruminant" cattle), but since then there have been many outbreaks in such cattle, usually following access to pasture in the spring.'J2J8 Several investigators associated nutritional degenerative myopathy with low vitamin E and selenium intake during the winter housing period,'J8 but factors triggering the onset of clinical signs 4 to 10 days after access to pasture were controversial. Studies at our laboratory showed that a portion of the polyunsaturated fatty acids in grass escapes ruminal hydrogenation and is absorbed directly into the blood, resulting in marked increases in plasma and tissue linolenic acid concentrations following access to pasture. L9, 27 These changes are associated with concurrent increases in plasma creatine kinase activity and development of myopathy in calves depleted of vitamin E and selenium27 but not in calves supplemented with alpha-tocopherol or selenium.'* We subsequently developed an experimental model to test the hypothesis that the toxic effects of such absorbed polyunsaturated fatty acids may induce cardiac and skeletal myonecrosis in cattle depleted of vitamin E and selenium. L3,20, 25 Clinical, biochemical, hematologic, and macroscopic alterations in this model are similar to those of spontaneous nutritional degenerative myopathy.14 Lesions of the cardiac conduction system unique to this disease have also been doc~mented.'~ This paper describes microscopic and ultrastructural alterations of the contractile myocardium occurring in our model.
Materials and Methods
Details of the experimental animals, housing, and diet preparation have been reported. 1 4 3 Briefly, 14 experimental calves (14 weeks old) were fed a diet low in vitamin E and selenium (1 .O mg/kg alpha-tocopherol, 0.03 mg/kg selenium). Between 127 and 137 days after starting the deficient diet, six of these calves were euthanatized by an intravenous injection of pentobarbitone sodium. Linseed oil (54% lino-Vet Pathol 29:2, 1992 lenic acid) that had been protected against ruminal hydrogenation25 was added to the low vitamin E and selenium diet of the eight remaining calves as a source of polyunsaturated fatty acids. Six of these animals were euthanatized after 6 to 11 days of polyunsaturated fatty acid feeding; the other two calves died after 6 and 8 days of polyunsaturated fatty acid feeding. Six control calves were fed a vitamin Eand selenium-supplemented diet and euthanatized on days 29, 65, 71, 117, 140, and 179. At necropsy, samples of left and right atrial, left and right ventricular free wall, and septal myocardium from all calves were collected and placed in 10% neutral buffered formalin for light microscopic examination. Following paraffin processing, sections were cut at 5 pm and stained with hematoxylin and eosin. Selected sections were also stained by periodic acid-Schiff (with and without pre-diastase digestion), von Kossa, alizarin red S, long Ziehl-Neelsen, Sudan black B, oil red 0, and van Gieson procedures. Selected unstained sections were examined in ultraviolet light for the presence of autofluorescent lipofuscin particles. For ultrastructural study, small blocks were collected from the left and right ventricular free wall, ventricular septal, and left and right atrial myocardium of all euthanatized calves. These blocks were trimmed into I-mm cubes, fixed in 0.1 M cacodylate-buffered 4% glutaraldehyde (pH 7.4), post-fixed in osmium tetroxide (pH 7.4), and embedded in Durcupan resin (EM Scope Lab plc, Kent, England). Semithin (1 pm) sections were cut and stained with alkaline toluidine blue for light microscopic examination. Ultrathin sections of selected blocks were cut, stained with lead citrate and uranyl acetate, and examined by electron microscopy.
Results

Macroscopic alterations
No macroscopic cardiac lesions were seen 1) in the six calves euthanatized after 127 to 137 days of vitamin E and selenium depletion, 2) in three vitamin Eand selenium-deficient calves fed protected polyunsaturated fatty acids, or 3) in any control calf. Gross myocardial alterations comprising multiple white striae or diffuse pallor of the left ventricular free wall and ventricular septum were seen in the other five polyunsaturated fatty acid-fed calves. l4
Microscopic alterations
Vitamin E-and selenium-dejicient calves-no polyunsaturated fatty acid supplementation. All vitamin Eand selenium-depleted calves euthanatized after 127 to 137 days had histopathologic myocardial alterations characterized by degeneration and necrosis of contractile and Purkinje cardiocytes. These lesions were relatively mild, multifocal, and randomly distributed throughout the ventricular myocardium. They were morphologically similar to, but much less severe than, lesions in the polyunsaturated fatty acid-supplemented calves. No microscopic changes were seen in the atrial myocardium of these animals.
Vitamin E-and selenium-dejicient calves-polyun-saturated fatty acid supplementation. The three polyunsaturated fatty acid-fed calves with no macroscopic cardiac changes had relatively mild histopathologic alterations in ventricular myocardium only. The five calves with macroscopic myocardial lesions had severe histopathologic alterations of the atrial and ventricular myocardium. There was preferential involvement of the left ventricular free wall and ventricular septum.l4 Subendocardial, intramural, and subepicardial regions of myocardium were equally affected. Myocardial lesions were characterized by degeneration and necrosis of cardiocytes. Interstitial connective tissue remained intact. Myocardial damage was severe and diffuse ( Fig.  1 ) in the two calves that died. The other three calves had less severe multifocal lesions that were frequently characterized by a central zone of fibrosis and a narrow peripheral band of cardiocytes with contraction band necrosis (Fig. 2) . Several degenerate cardiocytes with few myofibrils were scattered in the central fibrotic zone. Small arterioles that appeared normal were frequently located within these lesions. Confluence of multiple foci of necrosis in the left ventricular free wall occasionally resulted in focally transmural lesions.
Sublethal cardiocytic injury was characterized by myofibrillar lysis, sarcoplasmic vacuolation and granule formation, and nuclear enlargement and proliferation. In atrial cardiocytes, preferential lysis of subsarcolemmal myofibrils frequently resulted in peripheral zones of myofibril-free sarcoplasm (Fig. 3) . In contrast, central myofibrillar lysis with relative sparing of peripheral myofibrils was the main alteration in degenerate ventricular cardiocytes. Cells with severe loss of myofibrils had many sarcoplasmic vacuoles and granules ( Fig. 4 ). These granules had autofluorescent, periodic acid-Shiff-positive, diastase-resistant, acidfast, and sudanophilic properties characteristic of lipofuscin. Myofibrillar lysis was associated with enlargement and proliferation of myonuclei ( Fig. 4 ). Up to five nuclei were seen in some cardiocytes. Proliferated nuclei were round and hypochromatic with one or two prominent nucleoli.
Necrotic cardiocytes had hypereosinophilic contractile material (Figs. 1, 2) and pyknotic nuclei. They frequently contained mineral granules that stained with von Kossa and alizarin red S. Post-necrotic phagocytosis of sarcoplasm by macrophages resulted in apparently empty tubelike spaces delimited by the persisting sarcolemma.
Myocardial vascular alterations were seen in four of the five calves with severe histopathologic myocardial alterations. Many capillaries had swollen endothelial cells that frequently resulted in apparent luminal occlusion. Thickening of tunica media was a common alteration in large arterioles. Hyaline material and pyknotic nuclei were occasionally seen in the media of such arterioles (Fig. 5 ). Arteriolar alterations were associated with infiltration of the adventitia with mononuclear cells.
Ultrastructural alterations
Ultrastructural myocardial alterations were morphologically similar in all experimental calves. Two distinct types of ultrastructural alterations were seen in cardiocytes. These were 1) sublethal damage associated with myofibrillar lysis and 2) contraction band necrosis.
A loss of contractile material was seen in sublethally damaged cardiocytes. Lysis and disaggregation of both thick and thin myofilaments resulted in short narrow remnants of myofibrils. Preferential loss of myofibrils from the center of ventricular cardiocytes resulted in severely affected cells having only a narrow subsarcolemmal zone of myofibrillar fragments (Fig. 6 ). Tangled masses of disrupted myofilaments were in the sarcoplasm of affected cells. Numerous cytolysosomes and myelin figures were in severely affected cardiocytes (Figs. 6, 7) . Cytolysosomes contained either mildly electron-dense filamentous or granular material or highly electron-dense granules. Thickening and streaming of Z-disks into the adjacent I band were frequently seen in cells with myofibrillar lysis (Fig. 8 ). Isolated clumps of electron-dense material consistent with lysed Z-disks were frequently seen in the sarcoplasm.
Cells with myofibrillar lysis had concurrent mito-chondrial and nuclear alterations. Mitochondria1 alterations included swelling and loss of cristae or condensation ( Figs. 6, 7) . Such changes were frequently seen in cells with minimal myofibrillar lysis. Altered mitochondria were frequently associated with myelin figures. In contrast to necrotic cardiocytes, mitochondrial matrical densities were infrequent in sublethally injured cells. Nuclei of degenerate cells were enlarged and had prominent nucleoli, sparse heterochromatin, and loss of normal surface indentations (Fig. 6 ). Many affected cells contained multiple myonuclei. Dilated profiles of sarcoplasmic reticulum, Golgi apparatus, and occasional leptofibrils were prominent in areas of myofibrillar loss. Cardiocytes in areas where the interstitium was edematous had increased numbers of plasmalemmal caveolae. The plasmalemma and external lamina of sublethally damaged cells were intact. Changes were frequently seen in intercalated disks of degenerate cardiocytes. The main alteration was lysis of electron-dense material normally present on the cytoplasmic surface of the plasmalemma within intermediate junctions and desmosomes ( Fig. 9 ). No alterations were seen in the regular plasmalemma or interplasmalemmal space of intercalated disks.
Necrotic cardiocytes had dense hypercontracted myofibrils and prominent intramitochondrial matrical deposits (Fig. 10 ). Some mitochondria contained electron-lucent foci that probably represented loss of mineralized matrical densities during tissue processing. Nuclei were either pyknotic or karyorrhectic with streaming of nucleoplasm into adjacent sarcoplasm. There was plasmalemmal lysis, but the external lamina remained intact (Fig. 1 1) . Numerous macrophages containing engulfed myofibrillar, granular, and membranous debris were seen in necrotic cells. These cells frequently occupied the entire "tube" formed by the persisting external lamina (Fig. 12 ).
Post-necrotic resolution of myocardial necrosis was by deposition of collagen and elastin fibers. Many fibroblasts with prominent dilated cisternae of rough endoplasmic reticulum and degenerated cardiocytes containing a few myofibril remnants were in fibrotic areas. Remnants of persistent external lamina were interspersed with collagen and elastin fibers. Despite persistence ofthese laminae, no evidence of cardiocytic regeneration was seen.
No ultrastructural myocardial alterations were seen in control calves.
Discussion
In this study, relatively mild myocardial lesions developed in "ruminant" calves fed a low vitamin E and selenium diet for 127 to 137 days. This finding is similar to spontaneous subclinical nutritional degenerative myopathy (NDM) in housed or feedlot cattle fed ra- Cardiocyte at bottom has severe lysis of myofibrils. Bar = 1 pm. the development of spontaneous NDM in calves at pasture.
Although no control group of calves fed a ration supplemented with vitamin E, selenium, and polyunsaturated fatty acids was included in this experiment, similar dietary supplements of protected linseed oil did not produce clinical signs or evidence of myocardial damage in calves fed rations supplemented with vitamin E and selenium in other studies at our laboratory (S. Kennedy, personal observations). This find-ing supports the results of a previous investigation in which, after access to pasture, NDM did not develop in calves supplemented with alpha-tocopherol or selenium.I8
The myocardial lesions of spontaneous NDM in ruminant cattle have been incompletely documented. Myocardial necrosis and fibrosis have been reported,11J6,30 but there are no detailed reports on the distribution of myocardial lesions. The selective involvement of the left ventricular free wall and ventricular septa1 myocardium found in this study also occurs in spontaneous NDM in pre-ruminant calve^.^^,^^ Marked mineralization of myocardial lesions, characteristic of spontaneous NDM in pre-ruminant calves and lambs,23 was neither a feature of the induced lesions in the present study nor found in reports of spontaneous NDM in ruminant cattle.11.' 6.30 There are no reports of ultrastructural myocardial alterations in ruminant cattle with spontaneous or experimental NDM with which to compare the results of this study. In our study, ultrastructural cardiocytic alterations comprised 1) sublethal degeneration characterized by progressive myofibrillar lysis and 2) contraction band necrosis. Necrotic myocytes had appar-ently simultaneous alterations in contractile material, nucleus, mitochondria, and plasmalemma. Contraction band necrosis results from the entry of excess calcium into damaged muscle cells. This results in mitochondrial mineralization with consequent impairment of oxidative phosphorylation and myofibrillar hyperc~ntraction.~~ The morphologic alterations in mitochondria and myofibrils of necrotic cardiocytes found in our calves support this mechanism of cell necrosis. Intramitochondrial crystalline inclusions were reported in necrotic cardiocytes of young milk-fed calves depleted of vitamin E. 24 We did not see such inclusions in this study.
In contrast to contraction band necrosis, which was a response to lethal injury, myofibrillar lysis was a sublethal alteration. Myofibrillar lysis is a nonspecific degenerative alteration that has been documented in many myocardial diseases, including isoproterenol,' plasmocid,2 all~lamine,~ cobalt,IO doxor~bicin,~ and tellurium cardiotoxico~i~,~~ and in potassium2* and vitamin E and selenium33 deficiencies. As was true in this study, myofibrillar lysis was associated with concurrent cardiocyte necrosis in all of the above models; however, furazolidone cardiotoxicosis is unique in that it is characterized by myofibrillar lysis without cardiocyte necrosis.32 Myofibrillar lysis may result from 1) a decreased rate of contractile protein synthesis, 2) an increased rate of protein catabolism, 3) disaggregation of contractile proteins, and 4) combinations of these mechanisms.* The mechanism of myofibrillar loss in our calves is unknown. Myofibrillar lysis may involve thick filaments, thin filaments, or both.6 There was lysis of both thick and thin filaments in the present study.
In other models of myofibrillar lysis,2,3,5,7Jo,32 there was diffuse loss of contractile material from all regions of the cell. Selective loss of central myofibrils in ventricular cardiocytes and of peripheral myofibrils in atri-al cardiocytes has not been previously documented. Atrial cardiocytes differ from ventricular cardiocytes in that the former have 1) smaller cell size, 2) more side-to-side intercellular junctions, 3) few or absent T-tubules, 4) relatively abundant extended junctional sarcoplasmic reticulum, and 5) specific granules that are absent from ventricular cardiocytes.6 It is not known if any of these structural differences was responsible for the pattern of myofibrillar lysis seen in atrial cardiocytes in our study.
Myelin figures and cytolysosomes with filamentous and granular contents in cells with myofibrillar lysis indicated prolonged degeneration. This material corresponded to autofluorescent lipofuscin granules seen with the light microscope. The histologic, histochemical, and ultrastructural characteristics of these granules were similar to those of lipofuscin in Purkinje cardiocytes of these calves. l5 Lipofuscin results from interactions of products of polyunsaturated fatty acid peroxidation with other cellular constituents. The resulting cross-polymers are resistant to lysosomal hydrolysis and accumulate in the cell as residual bodies.21 Formation of myocardial lipofuscin in our vitamin Eand selenium-deficient calves provides circumstantial evidence for a pathogenetic role of in vivo lipoperoxidation in development of the lesions. Supplementation with polyunsaturated fatty acids increased the severity of the lesions, supporting such a mechanism.
Mitochondria1 membranes contain highly unsaturated phospholipids that are susceptible t o lipoperoxidation when insufficient vitamin E is available to protect against such damage.22 Mitochondria1 damage in our calves may have resulted from lipoperoxidation.
Nuclei in sublethally damaged cardiocytes were abnormal in size, shape, and number. It is unclear whether such alterations were due to the toxic effects of the products of lipoperoxidation or were a compensatory response to cell damage; however, they may have resulted in decreased protein synthesis contributing to loss of myofilaments.
Keshan disease is a selenium-responsive cardiomyopathy of human beings in China. Characteristic myocardial alterations in this disease include multifocal contraction band necrosis and myocytolysis of cardio c y t e~.~J~ Sublethally damaged cardiocytes have loss of myofibrils and damaged mitochondria. Because many of the microscopic and ultrastructural myocardial changes in the present study were similar to those of Keshan disease, our experimental model of NDM in calves may also be a useful model for this human disease.
In conclusion, vitamin E and selenium depletion of our calves produced cardiocyte alterations characterized by contraction band necrosis and myofibrillar lysis. Supplementation with polyunsaturated fatty acids greatly increased the severity of these changes. The induced lesions were similar to those of spontaneous NDM in ruminant cattle, and this study further validates our experimental model of this disease.
